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Abstract: Background: The Kynurenine pathway (KP) is involved in various disorders, but little is
known about the KP and psychosomatic complaints. The aim was to study the peripheral KP and
psychosomatic comorbidity in subjects with morbid obesity. Methods: Psychosomatic comorbidity
(perceived general health, muscle-skeletal pain, well-being, mood disorders, fatigue, self-esteem,
sleepiness, and sense of humour) was registered, and serum samples were collected six months before
and after bariatric surgery. Results: A total of 141 subjects (men/women, 116/25) with a mean age of
43.0 (SD 8.7) years and BMI of 42.1 (SD 3.8) kg/m2 were included. No significant associations were
seen between the psychosomatic disorders and the KP. There was a significant downregulation of all
KP metabolites after surgery, a reduction in CRP, and strong associations between CRP and the KP,
particularly with the ratios of Kynurenine/Tryptophan and Quinolinic acid (QA)/Xanthurenic acid
(XA). The QA/XA ratio was negatively associated with diabetes. Conclusions: The peripheral KP
seemed to be of minor importance for the psychosomatic comorbidity in subjects with morbid obesity.
The downregulation of all KP metabolites after bariatric surgery indicated reduced inflammation.
The QA/XA ratio seemed to be a marker of insulin sensitivity and favourable glucose control.

Keywords: kynurenine pathway; psychosomatic disorders; obesity; bariatric surgery; inflammation;
diabetes

1. Introduction

The metabolism of Tryptophan (Trypt) through the Kynurenine pathway (KP) is com-
plex and is involved in immunological and inflammatory disorders, psychiatric illness,
cognition, pain, metabolic and endocrine diseases, exercise, and others [1–4]. These dis-
orders often occur together and have shared biological characteristics, such as low-grade
chronic inflammation and dysregulation of the KP [4–11].

Monitoring the KP has not been standardised. Both concentrations of the metabolites
and ratios between the concentrations have been reported [12]. The ratios measure the
enzyme activity and sometimes reflect the metabolites’ functions more precisely than
the concentrations.

Figure 1 shows an overview of the Trypt–Kynurenine (Kyn) metabolism with the
metabolites and the five enzymes of relevance for this paper [10]:

• Tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3 dioxygenase (IDO) regulate
the Trypt to Kyn step.

• Kynurenine aminotransferase (KAT) regulate the steps from Kyn to Kynurenine acid
(KA) and 3OH-Kyn to Xanthurenic acid (XA).
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• Kynureninase (KYNU) and kynurenine 3-monooxygenase (KMO) are involved in the
steps from Kyn to Quinolinic acid (QA).
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Figure 1. Schematic outline of the Kynurenine pathway limited to the steps presented in this
paper. TDO: Tryptophan 2,3-dioxygenase. IDO: indoleamine 2,3 dioxygenase. KAT: Kynurenine
aminotransferase. KUNU: Kynureninase. KMO: kynurenine 3-monooxygenase. B6: Vitamin B6.

Vitamin B6 (pyridoxal 5-phosphate) is an essential cofactor for KAT, KMO, and KYNU.
The enzymatic activity is continuously influenced by hormones, oxidative and antioxidative
processes, inflammation, and other biosystems [10,12].

The effects of the KP metabolites and ratios are only partly understood. Inflammation
shunts the Trypt metabolism from serotonin towards Kyn and increases the Kyn/Trypt
ratio [1]. Muscular exercise shifts the Kyn metabolism towards the production of KA
and increases the KA/Kyn ratio [3]. KA is neuroprotective and anti-inflammatory; QA
is a proinflammatory neurotoxic mediator in the brain; and the KA/QA ratio has been
considered neuroprotective [1,13,14]. KA and XA are structurally related and involved
in the dopamine regulation in the brain. An imbalance in the KA/XA ratio may result in
mood disorders [15]. Elevated levels of KA and XA have been reported in subjects with
diabetes mellitus (DM), and both have been ascribed diabetogenic effects by inhibiting
proinsulin and insulin synthesis [2,8]. QA reduces serum glucose, and the QA/XA ratio
has been positively associated with good insulin sensitivity and glucose control [2,8].

The KP has been thoroughly studied in subjects with psychiatric illness, such as
anxiety, depression, suicide, psychosis, schizophrenia, and cognitive deficits. [1,3,4,16,17].
The importance of the KP for less severe, everyday psychosomatic complaints is scarcely
evaluated. Some studies have shown disturbed KP in subjects with chronic fatigue syn-
drome and fibromyalgia [11,18]. Subjects with morbid obesity have an upregulated KP that
normalises after bariatric surgery and a high prevalence of metabolic and psychosomatic
comorbidity, making them suitable for research of bio–psycho–social interactions. [7,8,10].
The disturbed KP in subjects with obesity is expected to be associated with common psycho-
somatic comorbidities, such as perceived general health, muscle-skeletal pain, well-being,
mood disorders, fatigue, self-esteem, sleepiness, and sense of humour. However, to our
knowledge, no such studies have been performed.

Thus, the paramount aim was to study the peripheral KP and psychosomatic co-
morbidity in subjects with morbid obesity undergoing bariatric surgery. Specific aims:
(1) Explore associations between the KP and psychosomatic complaints; (2) Study changes
in the KP from six months before to six months after bariatric surgery; (3) Explore predictors
of the KP.
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2. Materials and Methods
2.1. Data Materials and Study Design

This retrospective cohort study used data from the prospective cohort study “Morbid
Obesity—Bio-Psycho-Social disorders” (the MO-BiPS study). The first part of the cohort
study was a six-month period before bariatric surgery with conservative treatment. The
second part was a six-month follow-up period after bariatric surgery. This study used data
from inclusion six months before surgery and the follow-up visit six months after surgery.
Previous publications have reported the study population and the psychosomatic disorders
in different contexts [19–21].

2.2. Participants and Inclusion Criteria

The study was performed at the obesity unit, Innlandet Hospital Trust, Gjøvik, Nor-
way. Subjects 18–65 years of age with morbid obesity (defined as BMI > 40 kg/m2 or
>35 kg/m2 with obesity-related complications) referred for the evaluation of bariatric
surgery, were invited. In this pragmatic study, subjects judged by the surgeons as unfit
for bariatric surgery, e.g., subjects with organic gastrointestinal disorders, previous major
gastrointestinal surgery, alcohol and drug abuse, major psychiatric disorders, and severe
not-obesity-related somatic disorders, were excluded. No strict exclusion criteria were used.

2.3. Interventions

At the first visit, the medical history was noted, a physical examination was performed,
blood samples were taken, and self-reported biopsychosocial disorders were collected on
validated questionnaires. During the first part, there were regular individual and group
meetings with nurses, doctors, nutritionists, and psychologists about lifestyle and dietary
interventions, motivation for weight loss, and information about surgical treatment. The
subjects followed a strict “crispbread diet” or a meal replacement powder diet containing
3765 kJ/day the last three weeks before surgery. In addition, beverages without calories
and vegetables (except sweet corn, olives, and avocados) were allowed ad libitum, giv-
ing a maximum daily energy intake of 4200 kJ/day. More details are given in previous
papers [19,21]. Bariatric surgery was performed as Roux-en-Y gastric bypass or Gastric
sleeve at the doctors’ discretion [22,23]. The procedures at the first visit were repeated six
months after surgery.

2.4. Variables

Age, gender, ethnicity, and social factors were registered only at visit 1; other variables
were collected at both visits.

• Demographic and anthropometric data: age (years), gender (male/female), height (m),
body weight (kg), body mass index (BMI: kg/m2), and ethnicity.

• Social factors: cohabitation (yes/no), employed (yes/no), and smoking (daily/not daily).
• The physical activity score was the sum of two scores: easy activity (not sweaty/breathless):

none; <1 h/week, 1–2 h/week, and >3 h/week (scores 0–3); and strenuous activity
(sweaty/breathless): none, <1 h/week, 1–2 h/week, and >3 h/week (scores 0, 3, 4, and
5). The sum score for physical activity was 0–8.

• General health: Bad (0), Not quite good (1), Good (2), and Very good (3), score 0–3.
• Comorbidities: 12 current or previous disorders were noted (yes/no), score 0–12.
• Musculoskeletal pain from six parts of the body: none (0), mild (1), and severe (2),

score 0–12.
• The World Health Organization—Five Well-Being Index (WHO-5) (scores 0–100,

scores ≤ 50 indicate low mood, and scores ≤ 28 indicate likely depression) [24].
• Hopkins Symptom Checklist 10 measures psychological distress (scores 1–4, scores ≥ 1.85

indicate mental distress) [25].
• Fatigue Severity Scale: a validated Norwegian translation of the Fatigue Severity Scale

was used (scores 1–7; scores ≥ 4 indicate further evaluation) [26].



Appl. Sci. 2022, 12, 2648 4 of 10

• Rosenberg Self-Esteem Scale: a validated Norwegian translation of the international
questionnaire was used (scores 0–30, values < 15 indicate low self-esteem) [27,28].

• Epworth Sleepiness Scale: a validated Norwegian translation was used (scores 0–24;
normal 0–10, mild 11–14, moderate 15–18, and severe 19–25) [29].

• Sense of Humour Questionnaire: a Norwegian version of the short form SHQ-6:
“Attitudes towards humour” was used (scores 6–24) [30].

2.5. The Kynurenine Pathway

Trypt, Kyn, KA, QA, and XA were quantified in serum. Protein precipitation of 20 µL
human plasma after adding 20 µL internal standard solution (one deuterated substance for
each of the analytes) was performed using 60 µL 50% (w/v) trichloroacetic acid (TCA) in
water. After thorough mixing (8 min) and centrifugation (15 min, 4000 g at 20 ◦C), an aliquot
of 5 µL was injected from the supernatant into the high-performance liquid chromatography
(HPLC) system. HPLC was performed with an Agilent 1260 Infinity liquid chromatograph
(Agilent Technologies, Palo Alto, CA, USA) with an Agilent 6460 Triple Quad LC/MS
detector. Tryptophan and the metabolites were separated on a 3.0 mm × 100 mm, 2.6 µm,
EVO C18 reversed phase column from Phenomenex (Phenomenex Inc., Torrance, CA, USA).
The column temperature was 40 ◦C, and the gradient was 100% 0.1% formic acid in water
to 100% 0.1% formic acid in acetonitrile. A seven-point calibration curve was created for
each analyte for quantification of Trypt and the metabolites in test samples and control
samples. VITAS AS, Oslo, Norway, performed the KP analyses.

2.6. Statistics

The results are given as mean (SD) and number (proportion in percentage). Paired
t-test was used for the comparisons between inclusion and the follow-up visit. The associa-
tions between the KP (dependent variables) and covariates, and between the psychosomatic
disorders (dependent variables) and the KP metabolites were analysed with mixed model
linear regression for repeated measurements and reported with 95% confidence intervals
and p-values. IBM SPSS Statistics for Windows, version 27.0 IBM Corp: Armonk, NY,
USA, was used for the analyses. The p-values in the associations between the KP and
dependent variables (in total 90 p-values), and between the psychosomatic disorders and
the KP metabolites (80 p-values) were adjusted for multiple testing ad modum Benjamini–
Hochberg in R-studio v 1.4.1106 and reported as q-values. p- and q-values < 0.05 were
judged as statistically significant. Only q-values < 0.10 were reported.

3. Results
3.1. Participants

Out of 159 subjects included in the study, 7 were excluded because of comorbidity
not related to obesity (e.g., major depression and somatic disorders), 8 for missing or
inadequately filled-in questionnaires, and 3 for lack of serum for the KP analyses. In all,
141 subjects (women/men, 116/25) with a mean BMI of 42.1 (3.8) kg/m2 were included
in the analyses at visit 1. A total of 113 subjects underwent surgery; 91 (81%) had gastric
bypass, and 22 (19%) gastric sleeve. Ninety-five had a follow up with blood samples six
months after surgery and were included in the analyses. Table 1 gives the participants’
characteristics at inclusion and six months after surgery.

The responses to the psychosomatic questionnaires were incomplete. The numbers
of respondents to the various psychosomatic variables at visits 1 and 2 were 137–141 and
71–74, respectively. All psychosomatic disorders improved from inclusion to six months
after surgery; the changes were statistically significant for all variables, except for somatic
disorders and sense of humour. Table 1 gives the details.
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Table 1. Patients’ characteristics. The results are given as number (proportion, %) and mean (SD).

Patient Characteristics At Inclusion Mean (SD)
(No 141)

6 Months after Surgery
Mean (SD) (No 95)

Difference Compared with
Inclusion (Paired Data) Statistics p-Values

Gender (female) 116 (82%) 77 (81%)
Age (years) 43.0 (8.7)
BMI (kg/m2) 42.1 (3.8) 30.2 (3.6) −11.7 (2.7) <0.001
Cohabitation (yes) 115 (82%)
Employed (yes) 107 (76%)
Daily smoker (yes) 25 (18%) 7/89 (5%)
Physical activity (score 0–8) 4.47 (2.2) 5.4 (2.2) 0.8 (2.5) 0.007
General health (score 0–3) 1.30 (0.7) 2.03 (0.70) 0.72 (0.75) <0.001
Somatic disorders (score 0–12) 1.8 (1.4) 1.7 (1.5) −0.2 (0.9) 0.091
Muscle-skeletal pain (score 0–12) 4.25 (2.94) 3.04 (2.57) −1.81 (2.50) <0.001
WHO-5 Well-Being (score 0–100) 59.5 (17.7) 71.9 (16.1) 14.6 (17.8) <0.001
Hopkins Symptoms Checklist (score 1–4) 1.58 (0.54) 1.32 (0.39) −0.26 (0.48) <0.001
Fatigue Severity Score (score 1–7) 3.95 (1.63) 3.14 (1.70) −0.90 (1.76) <0.001
Rosenberg Self-Esteem Scale (range 0–30) 18.4 (5.3) 22.2 (5.4) 3.9 (5.5) <0.001
Epworth Sleepiness Scale (score 0–24) 8.0 (4.7) 5.8 (4.1) −2.4 (3.2) <0.001
Sense of humour (score 6–24) 19.2 (2.7) 19.7 (2.0) 0.3 (1.9) 0.144
CRP (mg/L) 7.1 (6.3) 1.87 (2.51) −4.92 (4.6) <0.001
Diabetes mellitus (yes) 26/137 (18%) 16/90 (18%)
Glucose (mmol/L) 6.6 (3.1) 5.4 (1.2) −1.1 (2.6) <0.001
HbA1c (%) 5.9 (1.4) 5.1 (0.8) −0.7 (0.9) <0.001
Vitamin B6 (15–160 nmol/L) 31 (27) 44 (30) 10 (32) 0.003
Tryptophan (Trypt) (ng/mL) 12,630 (2777) 11,339 (1912) −788 (2649) 0.005
Kynurenine (Kyn) (ng/mL) 488 (143) 378 (91) −85 (111) <0.001
Kynurenic acid (KA) (ng/mL) 14.2 (7.1) 8.5 (3.9) −4.8 (4.7) <0.001
Quinolinic acid (QA) (ng/mL) 111 (45) 84 (30) −22 (30) <0.001
Xanthurenic acid (QA) (ng/mL) 5.3 (1.2) 4.6 (0.9) −0.4 (1.1) 0.001
Kyn/Trypt ratio × 1000 39 (11) 34 (9) −5 (7) <0.001
KA/Kyn ratio × 1000 30 (12) 22 (8) −7 (11) <0.001
KA/QA ratio × 1000 138 (70) 107 (52) 27 (60) <0.001
KA/XA ratio 2.77 (1.27) 1.84 (0.81) −0.88 (0.11) <0.001
QA/XA ratio 21.9 (8.8) 18.4 (6.3) −3.4 (8.0) <0.001

3.2. The Kynurenine Pathway

All the KP metabolites and relevant ratios between the metabolites were highly signifi-
cantly reduced after surgery (Table 1).

The analyses of predictors of the KP showed significant associations between CRP and
the Kyn/Trypt and QA/XA ratios also after correction for multiple testing. In addition,
DM and age were significantly associated with several KP metabolites. Table 2 gives all
predictors of the KP.

3.3. The Psychosomatic Disorders

There were no significant associations between the psychosomatic disorders and the
KP, except for two marginally significant p-values unadjusted for multiple testing. Table 3
gives all details.
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Table 2. Mixed linear regression model with tryptophan, kynurenine, and the metabolites (one at a time) as dependent variables, and Gender, Age, BMI, Smoking,
Physical activity, Diabetes mellitus, CRP, Vitamin B6, and Time (before/after surgery) as independent variables.

Dependent Variables Independent Variables (B-Values with 95% CI, All p-Values and q-Values * < 0.10)

Typt-Kyn Metabolites Gender Age BMI Smoking Physical
Activity Diabetes Mellitus CRP Vitamin B6 Time

Tryptophan 620 (−457; 1798)
p = 0.256

−18 (−72; 35)
p = 0.498

−10 (−128; 109)
p = 0.875

−230 (−1317; 856)
p = 0.676

90 (−91; 271)
p = 0.328

163 (−955; 1280)
p = 0.773

−67 (−141; 6)
p = 0.073

0 (−15; 15)
p = 0.997

−1784 (−3430; −139)
p= 0.034

Kynurenine 4 (−54; 61)
p = 0.902

4 (0.6; 6.4)
p= 0.017

3 (−3; 9)
p = 0.379

−14 (−67; 38)
p = 0.589

7 (−1; 16)
p = 0.103

−60 (−119; −0.7)
p= 0.047

2 (−2; 5)
p = 0.305

0 (−0.7; 0.7)
p = 0.984

−70 (−151; 10)
p = 0.087

Kynurenic acid (KA) −0.18 (−3.18; 2.8)
p = 0.906

0.19 (0.03; 0.34)
p= 0.015

0.23 (−0.06; 0.52)
p = 0.115

0.65 (−1.79; 3.08)
p = 0.599

0.21 (−0.19; 0.61)
p = 0.297

−3.17 (−6.18; −0.15)
p= 0.040

−0.13 (−0.30; 0.04)
p = 0.132

0.02 (−0.01; 0.06)
p = 0.141

−3.7 (−7.6; 0.09)
p = 0.055

Quinolinic acid (QA) 9.8 (−8.4; 28.0)
p = 0.288

0.9 (−0.03; 1.8)
p = 0.058

1.3 (−0.5; 3.1)
p = 0.156

−15.5(−30.8; 0.26)
p= 0.046

−1.2 (−3.7; 1.3)
p = 0.355

−21.9 (−40.3; −3.5)
p= 0.020

1.0 (−0.1; 2.0)
p = 0.076

−0.0 (−0.23; 0.17)
p = 0.757

−3.7 (−27.7; 20.3)
p = 0.759

Xanthurenic acid (XA) 0.3 (−0.1; 0.8)
p = 0.137

−0.01 (−0.03; 0.02)
p = 0.607

0.0 (−0.05; 0.05)
p = 0.938

−0.04 (−0.50; 0.41)
p = 0.851

0.03 (−0.04; 0.11)
p = 0.368

0.11 (−0.36; 0.59)
p = 0.633

−0.03 (−0.06; 0.00)
p = 0.066

−0.00 (−0.00; 0.00)
p = 0.939

−0.77 (−1.47; −0.08)
p= 0.028

Kyn/Trypt ratio × 1000 −1.2 (−5.6; 3.1)
p = 0.577

0.3 (0.095; 0.53
p= 0.005

0.1 (−0.3; 0.5)
p = 0.549

−0.8 (−4.1; 2.4)
p = 0.604

0.6 (0.05; 1.1)
p= 0.032

−5.9 (−10.2; −1.5)
p= 0.008

0.5 (0.3; 0.7)
p= 0.000061

q= 0.005
0.005 (−0.00; 0.047)

p = 0.819
−2.7 (−8.0; 2.5)

p = 0.315

KA/Kyn ratio × 1000 −0.4 (−5.1; 4.3)
p = 0.857

0.1 (−0.2; 0.3)
p = 0.546

0.4 (−0.1; 0.9)
p = 0.150

0.3 (−4.3; 4.9)
p = 0.902

−0.2 (−0.9; 0.6)
p = 0.698

−1.9 (−6.7; 3.0)
p = 0.447

−0.3 (−0.7; −0.03)
p= 0.032

0.02 (−0.05; 0.08)
p = 0.650

−4.7 (−11.7; 2.3)
p = 0.186

KA/QA ratio × 1000 −9 (−38; 20)
p = 0.532

0.4 (−1.1; 1.8)
p = 0.628

0.6 (−2.3; 3.8)
p = 0.627

34 (7; 61)
p= 0.013

0.7 (−3.7; 5.1)
p = 0.746

−7 (−36; 23)
p = 0.665

−1.7 (−3.5; 0.1)
p = 0.069

0.3 (−0.06; 0.7)
p = 0.100

−36 (−77; 5)
p = 0.089

KA/XA ratio −0.2 (−0.7; 0.3)
p = 0.452

0.03 (0.01; 0.06)
p= 0.016

0.04 (−0.01; 0.10)
p = 0.117

−0.04 (−0.52; 0.44)
p = 0.872

0.01 (−0.07; 0.09)
p = 0.743

−0.62 (−1.14; −0.10)
p= 0.021

−0.01 (−0.04; 0.03)
p = 0.672

0.00 (−0.005; 0.01)
p = 0.581

−0.5 (−1.2; 0.2)
p = 0.167

QA/XA ratio 0.1 (−3.3; 3.5)
p = 0.954

0.2 (0.02; 0.35)
p= 0.030

0.3 (−0.1; 0.6)
p = 0.142

−3.0 (−6.2; 1.3)
p = 0.060

−0.3 (−0.8; 0.2)
p = 0.252

−5.3 (−8.8; −1.9)
p= 0.003
q= 0.090

0.37 (0.16; 0.59)
p= 0.0008
q= 0.036

−0.01 (−0.05; 0.03)
p = 0.691

1.6 (−3.3; 6.4)
p = 0.519

* q-values. All p-values in the table were adjusted for multiple testing ad modum Benjamini–Hochberg. The adjusted p-values are referred to as q-values. Only q-values < 0.10 are given
in the table. p and q-values < 0.05 are marked in boldfaced type.

Table 3. Mixed linear regression model with the psychosomatic disorders as dependent variables (one at a time) and tryptophan, kynurenine, and the metabolites
(one at a time) as independent variables adjusted for: Gender, Age, BMI, Smoking, Physical activity, CRP, Diabetes, Time (before/after). After adjusting for multiple
testing, there were no statistically significant q-values *.

Dependent Variable Independent Variables, One at a Time
(B-Values with 95% Confidence Interval and p-Values *)

Tryptophan × 105 Kynurenine × 104 Kyn ac × 103 Quin ac × 103 Xanth ac × 102 Kyn/Trypt Ratio KA/Kyn Ratio KA/QA Ratio KA/XT Ratio × 102 QA/XT Ratio × 103

General health 1.7 (−2.1; 5.5)
p = 0.384

−1.1 (−9.0; 6.8)
p = 0.790

0.4 (−16; 15)
p = 0.962

−1.4 (−4.0; 1.1)
p = 0.269

4 (−5; 13)
p = 0.379

−6 (−17; 5)
p = 0.278

−0.1 (−9; 9)
p = 0.979

0.6 (−1.0; 2.1)
p = 0.466

4 (−13; 4)
p = 0.340

−9 (−22; 4)
p = 0.168

Muscle-skeletal pain −1.1 (−15; 14)
p = 0.887

9 (−22; 40)
p = 0.560

32 (−31; 96)
p = 0.316

1.7 (−8.5; 12)
p = 0.740

−6 (−42; 29)
p = 0.722)

15 (−30; 59)
p = 0.512

−3 (−39; 32)
p = 0.848

0.6 (−5.6; 6.7)
p = 0.858

17 (−18; 51)
p = 0.337

6 (−45; 58)
p = 0.807

WHO−5 Well-Being 17 (75; 108)
p = 0.719)

61 (−132; 253)
p = 0.533

75 (−317; 468)
p = 0.705

40 (−22; 103)
p = 0.208

85 (−134; 303)
p = 0.446

13 (−258; 284)
p = 0.923

−2 (−225; 221)
p = 0.986

−14 (−53; 26)
p = 0.473

−44 (−260; 172)
p = 0.689

142 (−177; 462)
p = 0.380

Hopkins Symptom Checklist−5 0.2 (−2.5; 2.9)
p = 0.890

0.2 (−5.4; 5.9)
p = 0.937

1 (−10; 12)
p = 0.867

−0.7 (−2.6; 1.1)
p = 0.453

−0.3 (−6.7; 6.0)
p = 0.909

1 (−7; 9)
p = 0.779

−0.3 (−7; 6)
p = 0.918

0.4 (−0.7; 1.5)
p = 0.428

2.0 (−4.2; 8.2)
p = 0.529

−5 (−14; 5)
p = 0.338)

Fatigue Severity Score 1.6 (−7.1; 10.3)
p = 0.713

14 (−4; 32)
p = 0.134

11 (−26; 47)
p = 0.560

2.1 (−3.7; 8.1)
p = 0.473

−0.7 (−22; 20)
p = 0.943

17 (−8; 43)
p = 0.186

−14 (−35; 6)
p = 0.160

−0.5 (−4.0; 3.1)
p = 0.802

5.3 (−14.7; 25.4)
p = 0.598

2 (−27; 32)
p = 0.886

Rosenberg Self-Esteem Scale 4 (−25; 34)
p = 0.755

9 (−70; 53)
p = 0.785

77 (−47; 200)
p = 0.222

2.3 (−17; 22)
p = 0.821

21 (−50; 92)
p = 0.561

−32 (−119; 53)
p = 0.453

72 (1.9; 142)
p= 0.044

5 (−7; 17)
p = 0.413

30 (−38; 98)
p = 0.381

20 (82; 122)
p = 0.697

Epworth Sleepiness Scale 6 (−15; 28)
p = 0.547

24 (−25; 72)
p = 0.337

−52 (−151; 48)
p = 0.305

11 (−5; 27)
p = 0.191

9 (−43; 61)
p = 0.739

23 (−49; 95)
p = 0.525

−45 (−97;7)
p = 0.089

−10 (−19; −0.7)
p= 0.035

−23 (−75; 28)
p = 0.376

23 (−54; 101)
p = 0.558

Sense of humour −2 (−14; 10)
p = 0.729

−5 (−32; 23)
p = 0.741

−32 (−87; 22)
p = 0.246

−3 (−12; 5)
p = 0.445

−1.6 (−31; 28)
p = 0.914

9 (−30; 48)
p = 0.652

0.2 (−29; 29)
p = 0.988

−0.7 (−6; 4.5)
p = 0.800

−8 (−37; 20)
p = 0.567

−3 (−45; 41)
p = 0.913

* All p-values in the table were adjusted for multiple testing ad modum Benjamini–Hochberg and are referred to as q-values. All q-values were > 0.10 and are not given in the table.
p-Values < 0.05 are marked in boldfaced type.
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4. Discussion

The main finding was the lack of clear associations between the KP and psychoso-
matic disorders, which was unexpected (Table 3). Most reviews and studies pinpoint the
importance of the KP for mental health and psychological disorders [1,3,4,15–17]. As seen
in this study, the burden of psychosomatic comorbidity in subjects with morbid obesity
is not insignificant. It was, therefore, expected to find associations between the psycho-
somatic disorders and the KP. Some studies have shown associations between KP and
fibromyalgia and chronic fatigue [11,18]. In this study, neither fatigue nor muscle-skeletal
pain (fibromyalgia-like symptoms) were associated with the KP. Daytime sleepiness is a
frequent disorder in subjects with depression, and the sleepiness scores before surgery were
nearly as high as in subjects with depression [31]. The slight negative association between
KY/QA and sleepiness in this study, the same association as has been reported between
KY/QA and depression, indicates that sleepiness and depression are related disorders [32].
The favourable effects of the KA/Kyn ratio reported in other studies might be reflected in
the tendency to associate with improved self-esteem in this study [11].

One explanation for the lack of clear associations between the KP and psychosomatic
disorders could be that the psychosomatic disorders were, nevertheless, not severe. Subjects
with severe anxiety, depression, or other psychiatric disorders in need of treatment, were
excluded from the study and offered other treatment. Another explanation is that the
pronounced metabolic disorders in subjects with morbid obesity, which affects the KP,
might have obscured the associations between KP and the psychosomatic disorders. The
third explanation could be poor correlation between KP in serum and the cerebrospinal
fluid. Trypt and Kyn easily pass the blood–brain barrier, and 60–80% of Kyn in the brain is
of exogenous origin [1,33]. In contrast, KA and QA hardly cross the blood–brain barrier, and
the values in serum might be invalid markers of psychosomatic disorders [34]. Measures of
the KP in cerebrospinal fluid could have given other results. In all, the study indicates that
the peripheral KP is of minor importance for the psychosomatic comorbidity in subjects
with obesity.

All KP metabolites and their ratios were reduced after bariatric surgery. Other studies
have reported these findings in subjects with obesity undergoing surgery with the same
surgical methods [8,10]. The downregulation from high to normal values has been judged
as favourable and interpreted as reduced inflammation. The interpretation is confirmed
by the reduction in CRP and positive associations between CRP and the KP metabolites,
particularly with the Kyn/Tryp ratio, a known marker of inflammation [1–3]. The metabolic
improvements are, however, not accompanied by a reduction in the adipose tissue inflam-
mation [35]. High values of the KP metabolites, especially Kyn, KA, and XA, have been
reported in subjects with DM type II and are potential tools for evaluating cardiovascular
risk [2]. After surgery, the reduced KA/Kyn and KA/QA ratios could indicate reduced
exercise and reduced neuroprotection, respectively, which did not fit the improved physical
activity and mental health [1,3,13,14]. The reduced QA/XA ratio after surgery was not
compatible with the improved glucose tolerance measured as reduced HbA1c and s-glucose
after surgery [2,8]. The results reveal the uncertain relations between clinical disorders and
the KP metabolites.

There were several significant associations between the KP and variables assumed to
interfere with the KP (Table 2). After adjusting for multiple testing, one of the statistically
significant findings was the positive association between the Kyn/Trypt ratio and CRP, also
seen in another study [8]. Inflammation is upregulated in subjects with obesity, and the
Kyn/Trypt ratio is a well-known marker of inflammation [1–3,5,7,10]. Another significant
finding was the positive association between CRP and QA/XA ratio after adjusting for
DM and other variables. QA is a proinflammatory neurotoxin in the brain and might
also have peripheral inflammatory functions [13]. The QA/XA ratio could be a marker of
inflammation. The negative association between the QA/XA ratio and DM is in accordance
with the assumption that QA/XA is a biomarker of healthy glucose metabolism [2,8]. DM
was associated with several steps in the KP and supports the statement by Kiluk et al. that



Appl. Sci. 2022, 12, 2648 8 of 10

“KP appears to be one of the important factors regulating the mechanisms involved in the
development of type II DM in the prediabetic state” [2]. The negative association between
DM and the Kyn/Trypt ratio after adjusting for CRP and age is difficult to explain.

Other significant predictors of the KP in this study should be cautiously interpreted.
Age was associated with a trend of an increase in the KP metabolites. An increase in
inflammation (e.g., CRP) with age is well known and explains the positive association
between age and the K/T ratio [36]. Vitamin B6, an essential cofactor for three of the
enzymes in the KP, was not associated with the KP. An adequate nutrient status at inclusion
and vitamin supplement after surgery probably prevented crucial vitamin B6 deficiency.
The findings in a population-based survey that KA was higher in subjects with moderate
than low psychical activity and that smoking was associated with low levels of all KP
metabolites were not confirmed in this study [37]. In this study, the physical exercise was
modest and likely insufficient for significant effects on the KP. A possible reduction in QA
was seen in smokers. In the adjusted analyses, neither gender nor BMI were associated
with the KP.

Strengths and Limitations

The study included consecutive subjects from the general population referred for
evaluation of bariatric surgery. The study population with a mean age of 43 years, a female
predominance (82%), and a BMI reduction of 11 kg/m2 seemed to be representative of sub-
jects undergoing bariatric surgery [38]. There is no consensus for the handling of subjects
undergoing bariatric surgery. In this study, the interventions were performed according
to international recommendations. There was a conservative lifestyle intervention for six
months and an energy-restricted diet in the last weeks before surgery. Surgery was per-
formed with accepted methods, and there was a follow-up six months after surgery [39,40].
The psychosomatic symptoms were registered with validated questionnaires. Because the
data were collected six months before and not immediately before surgery, the observed
changes were the results of combined conservative and surgical treatment. The follow-up
period of six months might have been too short for complete stabilisation after surgery.
The gender distribution was skewed in favour of females, which is common, but it reduces
external validity [38]. The downregulation of the KP metabolites after surgery was judged
as normalisation, but reference values for non-obese subjects with the same method for
comparison with this slightly overweight/obese group six months after surgery were not
available. The accordance with other studies regarding downregulation of the KP after
surgery indirectly substantiates the other findings, e.g., the overall negative associations
between the KP and psychosomatic disorders. The KP in the cerebrospinal fluid might
reflect the psychosomatic symptoms better than the KP in blood. The mixed model linear
regression analyses allowed using data from all subjects and not only from subjects with
complete data sets. The high risk of type I errors because of multiple testing was coun-
teracted by adjusting for multiple testing ad modum Benjamini–Hochberg. The relatively
small sample size increased the possibility of type II errors.

5. Conclusions

Considering the comprehensive literature about the KP and psychiatric health, the
lack of clear and significant associations with psychosomatic disorders was unexpected. An
important finding was the significant downregulation of all KP metabolites after surgery,
indicating reduced inflammation. This interpretation was confirmed by a significant
reduction in CRP and the strong associations between CRP and the KP. After adjusting for
multiple testing, the associations between CRP and the ratios Kyn/Typt and QA/XA were
statistically significant. The results confirm Kyn/Trypt, and probably QA/XA, as markers
of inflammation. DM was associated with several of the KP metabolites. The negative
association with the QA/XA ratio confirms the ratio as a marker of insulin sensitivity and
favourable glucose control. Age was associated with several KP metabolites, particularly
with the Typt/Kyn ratio, indicating increased inflammation with age.
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